Aim Bergmann's rule, one of the most studied and controversial ecogeographical generalizations, has rarely been tested with observations from high latitudes. We tested the rule using cranial measurements of the muskox [Ovibos moschatus (Zimmerman)], a homeotherm with an extremely northern distribution. We also used these data to describe geographical patterns in the species' dental architecture, an extension of the framework developed from interspecific comparisons.
Methods Body size was estimated from principal components analysis (PCA) of five cranial characters from 128 specimens. Mean scores on the first principal component from each locality were regressed against latitude and mean temperature to identify geographical variation in body size; scores on the second principal component were regressed against latitude to assess patterns in dental architecture. Regression analyses of the individual characters were performed as a complement to PCA.
Results No latitudinal or climatic trend in body size was observed in either sex. On the other hand, for males, significant latitudinal variation was found for the second PCA axis (r ¼ )0.434), and the feature which loaded most heavily on it, maxillary tooth row length (r ¼ 0.429). For females, this dental structure also tended to increase with latitude (r ¼ 0.423), but the trend was only marginally significant (P¼0.12), perhaps owing to a smaller sample size.
Main conclusions
The geographically invariant body size of muskoxen failed to support current hypotheses of size variation. Behavioural and physiological adaptations may exempt the muskox from selective pressures underlying these hypotheses. We interpret latitudinal variation in dental architecture as a reflection of a cline in diet, dominated by graminoids at the expense of willows at higher latitudes. This intraspecific geographical trend is a recapitulation of the interspecific framework for large mammalian herbivores.
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I NTRODUCTION
Biologists have long sought to link geographical variations in morphology with those in the environment. Body size is among the most conspicuous of such characteristics, with variations believed to be reflections of adaptive divergence (Mayr, 1963; Gould & Johnston, 1972) . The long line of research addressing variability in size has led to the formulation of ecogeographical rules, of which Bergmann's rule is perhaps the best known (Geist, 1987a; Ashton, Tracy & Queiroz, 2000) .
Bergmann (1847) (translated in James, 1970) noted that within a genus of endotherms, the larger species tended to be found in the cooler environments. Modified by Mayr (1956) to the intraspecific level, the common presentation of the rule is that Ôraces of warm-blooded animals from cooler climates tend to be larger than races … from warmer climatesÕ (Mayr, 1956, p. 105) . Examined in a broad range of species, Bergmann's rule has been met with both ardent support (e.g. Rensch, 1936; Patterson, 1990; Ashton et al., 2000) and vehement opposition (e.g. Reinig, 1939; Scholander, 1955; Geist, 1987a) . Mayr (1963, p. 319) pointed out that, as an empirical generalization, Bergmann's rule is Ôvalid only if it is really true that in more than 50% of species of warm-blooded vertebrates there is an average increase of size in the cooler portions of the range of the speciesÕ. A recent metanalysis involving sixty-four species (Ashton et al., 2000) has dispelled some of this uncertainty; negative correlations between size and temperature were reported in 75% of cases.
Nevertheless, the rule -and its purported underlying mechanisms -remains controversial. Margalef (1963) proposed that body size reflected the height of the annual productivity pulse. Stressing the importance of the time of surplus energy for growth, Guthrie (1984) and Geist (1987b) concluded that the duration, rather than the height, of the pulse influenced body size. As Geist (1987a) pointed out, the length of this pulse peaks at approximately 60°latitude, implying a negative relationship between body size and latitude in more polar regions. This rival explanation has seldom been examined, however, because few sedentary homeotherms occupy suitably wide and polar geographical ranges.
As proposed by McNab (1971) , body size in granivores and carnivores may be a reflection of the size of their food. In the case of large ruminants, individuals may be constrained by the rate of processing food in order to reduce particle size to permit passage in the gut. Interspecific patterns, reflecting these selection pressures, have been reported in feeding behaviours (Klein, 1992) and morphology of the gut (Demment & Van Soest, 1985) , mouth (Janis & Ehrhardt, 1988) and dentition (Mathiesen et al., 2000) . Larger body sizes, larger rumens, wider mouths and lower relative rates of metabolism favour bulk feeding on forages of low nutritional value (Hanley & Hanley, 1980; Illius & Gordon, 1987; Hofmann, 1989; Adamczewski et al., 1994a) . This generalization has been developed largely through interspecific comparisons. Because the ecological framework for these traits is not spatially invariant, however, geographical variation could form the basis for further testing. Such within-species polymorphisms have received little attention.
We used the muskox, Ovibos moschatus [Zimmerman] as a test case for these ideas. Muskoxen are large, sedentary herbivores with one of the most boreal distributions on earth, from approximately 60°N)83°N (Klein & Bay, 1994) . With significant latitudinal variation in diet (Klein, 1986) , the muskox also offers an opportunity to assess the geographical relationships of resource use and feeding style with size and morphology.
MA TERI AL S A ND METH ODS
Skulls of adult ( ‡ 4-year-old) muskoxen from arctic North America and Greenland were obtained from the Canadian Museum of Natural History, the American Museum of Natural History and the National Museum of Natural History. These specimens were supplemented with twenty-eight wild animals from a commercial harvest in 2000 near Cambridge Bay, Nunavut, Canada (69°24¢ N 106°18¢ W). For each specimen, age and sex were determined from horn characteristics (Olesen & Thing, 1989) . Five cranial measurements were taken (Yom-Tov, 1993) : condylobasal length (the anterior limit of the premaxilla to the posteriormost projection of the occipital condyles), greatest length of skull (anteriormost point on the rostrum excluding teeth to the posterior most projection of the skull excluding the horn boss), greatest width of skull (greatest distance between the outer margins of the temporal bones) palatal length (from the anterior edge of the premaxilla to the anteriormost point on the posterior edge on the palate), and length of maxillary tooth row (length from the anterior edge of the alveolus of the first cheek tooth to the posterior edge of the alveolus of the last cheek tooth). The greatest length of the mandible, excluding teeth, was recorded where possible. Measurements of maxillary tooth row and palatal length were recorded to the nearest 0.1 mm; others were recorded to the nearest 1 mm. Only those from known localities were included in the analyses. The data comprised seventy males and fifty-eight females.
To retain the locality as the experimental unit and to deal with the appreciable sexual dimorphism, mean values for each sex for each locality were computed. Where locational records were imprecise, such as for some arctic islands, the mean latitude and longitude of the geographical feature was used. The data set contained thirty-four localities for males and sixteen for females.
Both univariate and multivariate analyses were performed. Body size was estimated from principal components analyses (PCA) on a correlation matrix with males and females treated separately (Rising & Somers, 1989; StatSoft, 2000) . Only localities represented by at least one specimen with all five cranial characters were included in the PCA (n ¼ 27 for males, n ¼ 14 for females). Shapiro-Wilks' W-tests indicated that scores on the first and second principal components (PC1 and PC2, respectively), as well as all untransformed skull measurements, were normally distributed. Mean principal component scores, as well as the mean of each cranial character, were regressed against latitude. PC1 scores were also regressed against average temperatures in January (Energy Mines & Resources Canada, 1985) and July (Edlund, 1990) .
RE SUL TS
With the exception of length of the maxillary tooth row, all skull measurements for both sexes loaded strongly and evenly on PC1 (Table 1) , supporting its use as a measure of body size (Rising & Somers, 1989; James & McCulloch, 1990) . In both cases, this synthetic variable explained approximately three-quarters of the cranial variation. For both males and females, maxillary tooth row length, the only dental character, dominated PC2. Explaining 16%)19% of the total variation, PC2 was orthogonal to size and could be interpreted as a measure of tooth row length relative to skull size (Table 1) .
Few geographical patterns were uncovered. No relationship was found between body size (PC1) and any independent variable, i.e. latitude (Table 2) , mean January temperature (males: r¼0.059, n¼27, P¼0.772; females: r¼)0.018, n¼14, P¼0.951), mean July temperature (males: r¼)0.118, n¼27, P¼0.558; females: r¼)0.042, n¼14, P¼0.887), or island area (males: r¼0.006, n¼17, P¼0.982; females: r¼0.208, n¼12, P¼0.517). On the other hand, for males, both PC2 ( Fig. 1; Table 2 ) and the factor which dominated it, maxillary tooth row length (Fig. 2) , were negatively correlated to latitude. Although these correlations were only marginally significant for the smaller sample of females ( Fig. 1; Table 2 ), the geographical trends were similar.
DISCUS SION
The geographically invariant body size of Ovibos fails to support current hypotheses of body size variation. Across muskox range, 60°N)83°N, there are declines in duration of the productivity pulse (Geist, 1987a) and in average temperatures, e.g. approximately 8°C to 1°C for July (Rannie, 1986; Edlund, 1990) . The lack of geographical pattern in body size of muskoxen (Table 2) is striking. We surmise that several adaptations may exempt the muskox from these hypothesized selective pressures. Bergmann's rule, a thermoregulatory explanation, is predicated on the reduction of relative surface area with larger size. With a high hair follicle density (42.8 ⁄ mm 2 ), an unparalleled ratio of secondary to primary hair follicles (37 : 1), and guard hairs up to 62 cm in length (Flood et al., 1989) , the coat of the muskox offers superb insulation. As Geist (1987a) emphasized, even a Figure 1 The relationship between latitude and score on the second principal component axis for male and female muskoxen (Ovibos moschatus). Dashed lines represent 95% confidence limits for the regression. modest hair coat provides insulative value equivalent to a several-fold increase in body mass. The productivity pulse hypothesis (Geist, 1987a) is best exemplified by the other arctic ungulate, caribou (Rangifer tarandus Linn.). Body size of Rangifer peaks at approximately 60°N and declines appreciably smaller at higher latitudes (Heptner et al., 1961; Geist, 1987a) . The failure of muskoxen to parallel this pattern may stem from the species' unusual physiology and behaviour. With its prolonged rumen retention time, Ovibos is able to extract more energy than many ruminants from low protein, high roughage forages (Adamczewski et al., 1994a,b) . A general preference for graminoid-dominated habitats, where forage biomass is comparatively high but its quality low, affords muskoxen high rates of intake throughout the year (Klein & Bay, 1990; Klein & Bay, 1994) . Sedentary, well-insulated, resistant to insects and able to defend themselves from predators, Ovibos has a markedly conservative lifestyle (Klein, 1992) . Although speculative, the sum of these adaptations may mitigate the effects of the pulse of primary productivity on body size.
Across species, variation in oral morphology of ruminants -along a grazer-browser continuum -have been linked to the availability, quality and distribution of forages (Hofmann, 1989) . Grazers target dense stands of low quality, often monocotyledonous forage where selectivity is less important and a wide mouth for large bites and high intake has been favoured. For more selective browsers, picking more nutritious, less abundant foods has been promoted by a narrow muzzle (Janis & Ehrhardt, 1988) . Once classified as a grazer on the basis of rumen characteristics and a graminoiddominated diet (Staaland & Thing, 1991) , muskoxen have more recently been recognized for their atypical oral morphology. The relatively narrow muzzle of Ovibos approaches that of a concentrate-selector, while its lower incisors and molariform dentition retain the characteristics of a grazer (Mathiesen et al., 2000) .
This broad framework of ruminant morphology (Hofmann, 1989) , developed from interspecific comparisons, may be applicable to intraspecific geographical polymorphisms. Indeed, the link between processing requirements and postcanine tooth area has long been recognized (Gould, 1975) . Mathiesen et al. (2000) discussed hypsodonty in arctic ruminants, recognizing that high crowned teeth enable species to shear high fibre foods more efficiently, but little attention was given to the molar crown beyond this.
From 62°N at 82°N, muskoxen exhibit a dietary cline: the proportion of willows (Salix spp. Linn.) diminishes relative to graminoids (Klein, 1986) . This geographical shift in diet is not merely a product of the abundance of willow, but also of their growth form. Salix in the High Arctic are sparsely distributed, prostrate shrubs, often with only the leaves and flowers projecting above a mossy substrate (Klein, 1986) ; the wide spacing of leaves compromises intake (Klein & Bay, 1994) . In contrast, at more southern latitudes, species such as Salix lanata Linn. assume an erect form, concentrating both leaves and stems in space (Klein, 1986) . In summer, the ratio of protein to fibre, a measure of food quality, of willows significantly exceeds that of graminoids (Thing et al., 1987; Klein & Bay, 1994) . The geographical transition from dwarfed subshrubs to low-erect shrubs (Edlund, 1990 ) is nearly coincident with the greatest shift in the muskox diet, from mainland to islands (Klein, 1986) . With the lower quality of the graminoid-dominated diet at high latitudes, the greater surface area of molariform dentition (Fig. 2) would facilitate efficient mastication of these fibrous foods. This variation in morphology is mirrored by geographical changes in activity: from the southern to northern limits of their range, time spent foraging by muskoxen increases approximately from 30% to 50% (Klein, 1986) , a behavioural recapitulation of the grazer-browser continuum.
This trend towards greater maxillary tooth row length was not as striking for females (Fig. 2) . Although perhaps attributable to our smaller sample size, it may be the product of intersexual differences in feeding behaviour. On Banks Island, for instance, female muskoxen eat a significantly higher proportion of forbs than males (Oakes et al., 1992) . Such foods, more highly digestible, would shift females towards the browser end of the spectrum and may exempt them from the strong selective pressures favouring efficiency of mastication.
Body size and dentition, like other aspects of morphology, are subject to multiple selective forces. As with other facets of ecology (Caughley & Gunn, 1993) , the Arctic may prove as a useful testing ground for ecogeographical ÔrulesÕ and hypotheses. Discerning the ecological constraints on the form and size of living things, furthermore, may benefit from a strategy of both intraspecific and interspecific comparisons.
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